First results of ion and electron temperature profile measurements from the x-ray imaging crystal spectrometer (XICS) diagnostic on the Large Helical Device (LHD) are presented. This diagnostic system has been operational since the beginning of the 2011 LHD experimental campaign and is the first application of the XICS diagnostic technique to helical plasma geometry. The XICS diagnostic provides measurements of ion and electron temperature profiles in LHD with a spatial resolution of 2cm and a time resolution of ≥ 10ms. Ion temperature profiles from the XICS diagnostic are possible under conditions where charge exchange recombination spectroscopy (CXRS) is not possible (high density) or is perturbative to the plasma (low density or radio frequency heated plasmas). Measurements are made by using a spherically bent crystal to provide a spectrally resolved 1D image of the plasma from line integrated emission of helium-like Ar 16+ . The final hardware design and configuration are detailed along with the calibration procedures. Line-integrated ion and electron temperature measurements are presented, and the measurement accuracy is discussed.
First results of ion and electron temperature profile measurements from the x-ray imaging crystal spectrometer (XICS) diagnostic on the Large Helical Device (LHD) are presented. This diagnostic system has been operational since the beginning of the 2011 LHD experimental campaign and is the first application of the XICS diagnostic technique to helical plasma geometry. The XICS diagnostic provides measurements of ion and electron temperature profiles in LHD with a spatial resolution of 2cm and a time resolution of ≥ 10ms. Ion temperature profiles from the XICS diagnostic are possible under conditions where charge exchange recombination spectroscopy (CXRS) is not possible (high density) or is perturbative to the plasma (low density or radio frequency heated plasmas). Measurements are made by using a spherically bent crystal to provide a spectrally resolved 1D image of the plasma from line integrated emission of helium-like Ar 16+ . The final hardware design and configuration are detailed along with the calibration procedures. Line-integrated ion and electron temperature measurements are presented, and the measurement accuracy is discussed.
Finally central temperature measurements from the XICS system are compared to measurements from the Thomson scattering and CXRS systems, showing excellent agreement.
I. INTRODUCTION
A high-resolution x-ray imaging crystal spectrometer (XICS) has recently been installed on the Large Helical Device (LHD) for measurements of the ion and electron temperature profiles and profiles of the poloidal plasma flow velocity with a spatial resolution of ∼2cm
and a time resolution of ≥ 10ms. The installation and alignment was completed in May 2011 and the diagnostic has been routinely taking data since the beginning of the 2011 experimental campaign in July.
Measurements of ion and electron temperature profiles are crucial for the investigation of helical plasmas. These measurements are particularly important for the understanding of plasma heating and heat transport within the plasma. While direct measurement of the temperature of the main ion species (hydrogen or deuterium) is difficult, measurements of impurity species can, in many cases, be used as a proxy measurement as long as the ion-ion thermal equilibrium time is sufficiently short. In current tokamak and stellarator devices, including LHD, measurements of the impurity ion temperature are most commonly made using diagnostics based on charge exchange recombination spectroscopy (CXRS). The recent invention and development of the x-ray imaging crystal spectrometer Ref. 1,2 and advances in x-ray detector technology Ref. 3 have made it possible to obtain profiles of the ion temperature, electron temperature and plasma flow velocity, with high spatial and temporal resolutions, from analysis of x-ray spectra from highly ionized impurities in the plasma. XICS is now used as a primary ion temperature diagnostic on several existing fusion devices, including Alcator C-Mod, EAST and KSTAR, and is planned to be the primary core ion temperature diagnostic for ITER.
In LHD, XICS provides ion temperature profiles in both high and low density plasma conditions where measurements from CXRS are not available or difficult to make. At high densities, the neutral beams cannot penetrate to the core, and CXRS is available only in the plasma edge. At low densities, the use of the perpendicular neutral beam injection (NBI) results in a plasma density increase, and can significantly perturb the plasma. In addition, because XICS does not rely on neutral beam injection, it is an ideal diagnostic for the investigation of radio frequency heated plasmas, especially in steady state scenarios, and for studying the dynamics of neutral beam heating. By providing measurements in this wider range of plasma conditions, the XICS diagnostic is expected to become an integral part of the LHD physics program. What is shown is not a planar cut, but rather a map of the true sightline geometry in R and z.
The XICS system on LHD is unique in that it is the first application of this diagnostic to a helical plasma configuration. This implementation is extremely important as it has accelerated the development of 3D equilibrium reconstruction tools which are necessary for interpretation of the line-integrated XICS measurements. Additionally this installation will allow, for the first time, a thorough comparison of the XICS diagnostic with the more broadly tested CXRS and Thomson scattering systems. A discussion on the consequences of the heliotron geometry and the original design goals for the LHD XICS diagnostic system have been presented previously by Bitter et al. 4 and Pablant et al. 5 . In this paper the final hardware layout and viewing geometry of the LHD XICS diagnostic will be documented and the spatial calibration procedures described. Ion and electron temperature measurements from the system will be presented, showing the typical performance characteristics of the diagnostic. Finally the XICS measurement will be compared against existing diagnostics, demonstrating excellent agreement.
The XICS system was designed to have full coverage of the plasma cross-section, and to measure poloidal plasma rotation in addition to the ion and electron temperature. However, for the initial installation, described in this paper, a smaller detector was used, providing only a third of designed spatial coverage (see Fig.1 ). With this limited spatial coverage it is difficult to verify and interpret measurements of the plasma flow, therefore these measurements will not be discussed in the present paper. In addition, to provide adequate time for cooling, the presently used detector is limited to operation on every other shot and provides a maximum data window of 15s. An upgrade for the 2012 experimental campaign will allow the diagnostic to operate at its design parameters. 
II. DIAGNOSTIC TECHNIQUE
The XICS diagnostic utilizes a spherically bent quartz crystal to provide a 1D image of line integrated spectra from highly charged impurity species in the plasma. The diagnostic concept has been explained in detail by Bitter et al. 4 and Ince-Cushman et al. Argon injection is typically non-perturbative to the plasma, is regularly introduced into LHD for diagnostic purposes, and has well understood x-ray spectra.
Because of the lack of toroidal symmetry, as well as the available installation locations, a modification to the diagnostic design typically used on tokamak systems was required. In particular, the system is designed with a smaller spectral extent, but with a higher spectral resolution. With this configuration the toroidal extent of the views in the plasma due to the astigmatism in the XICS optics layout is matched to the toroidal spread due to the variation in Bragg angle across the spectral range. The final configuration provides spectral coverage from 3.941 to 3.962Å. With this spectral range only the resonance line (1s2p ( temperature measurements is expected to be less than 10eV and is neglected. A spectrum fitted using this model is shown in Fig.4 . The electron temperature is calculated from the fitted line intensities using excitation rate coefficients calculated with the autostructure code 9,10 . Details of the spectral model and the spectral fitting process will be discussed in a forthcoming publication.
In order to find local values for T i and T e from the line integrated spectrum, an inversion of the data is required. This inversion is possible with a reconstruction of the plasma equilibrium and the following assumptions: that the plasma emissivity and temperature are constant on flux surfaces and that the ion energy distribution is Maxwellian. Plasma reconstructions are done using a set of reconstruction codes, vmec, stellopt and pies, being developed for LHD at PPPL 11 .
When the Ar 16+ emissivity is highly peaked, the line integrated measurements will provide a good approximation to the local plasma parameters at the flux surface tangency location.
As the emissivity profile becomes flat or hollow, the line integrated measurements no longer provide a good local approximation, and inversion techniques are necessary. In this paper only line-integrated results will be presented. Inverted profile measurements from the XICS diagnostic utilizing reconstructions from stellopt will be presented in a future paper.
III. HARDWARE LAYOUT
The crystal installed in the present system is a 70µm thick 110-quartz crystal with a 2d-spacing of 4.91352Å 12 . The crystal dimensions are 4cm in the horizontal (spectral) direction and 10cm in the vertical (spatial) direction. These dimensions were chosen to maximize throughput while retaining a spatial resolution of 2cm vertically in the plasma and a toroidal viewing extent of 10cm which matches the spectral range and the scale length of the helical magnetic field. 4 The crystal is placed onto a 13cm spherical substrate and held in place through electrostatic forces. The radius of curvature of the crystal has been measured to be To specify the orientation of the detector and crystal we define a local coordinate system (x , y , z ) where z is along the normal to the surface at the center of the detector/crystal. The orientation of the crystal and detector can now be described in machine coordinates using the normal andx unit vectors. Machine coordinates are defined so that the x axis is aligned with the 7-0 port. Location values are in meters.
5896±2mm. In order to allow the system to be aligned optically, a 130Å thick aluminum coating was placed over the front surface of the crystal and substrate.
In order to avoid attenuation of the x-ray signal in air, the system is operated under vacuum. The crystal chamber is separated from the LHD vacuum vessel by a 6inch diameter beryllium window of thickness 0.004inch, supported by a 0.020inch thick beryllium honeycomb structure on either side. This window provides protection to LHD and allows the diagnostic to be operated at a higher vacuum pressure (10Pa) than the main LHD vessel.
The final calibrated values for the crystal and detector positions are given in Table I . The crystal is placed at a distance of 22.48m from the center of LHD, and oriented so that the resonance line sightlines have an angle of 0.5
• from the radial direction at the crystal surface, see Fig.2 . The detector is placed on the Rowland circle for the resonance line at a distance of 4.74m from the crystal and oriented to be perpendicular to the ray of the resonance line that is reflected from the center of the crystal.
In the configuration used for the 2011 experimental campaign a single Pilatus 100K-S detector system is used. The Pilatus detector was developed by the Paul Scherrer Institute and is commercially produced by Dectris. 3,13 This detector consists of 195 × 487pixels with a pixel pitch of 172 × 172µm 2 . In the LHD system the detector is arranged so that the spectra are recorded in the short direction and imaging is done in the long dimension.
The Pilatus 100K-S detector was not designed to be operated in a vacuum environment
and cannot be actively cooled in the current installation. Temperature control is only possible via radiative cooling, limiting the continuous time that the detector can be powered on. The shot repetition rate on LHD is 3 minutes. To maintain the detector temperature within the operating range, the detector is only run on even numbered shots and is limited to taking data for a period of 15s. This duration is sufficient to cover the full plasma evolution on the majority of LHD plasma discharges, but does not allow the system to be run continuously during long pulse operation.
The final diagnostic configuration, as described in Table I 
IV. SPATIAL CALIBRATION
Precise measurements of the final hardware configuration are critical for the XICS diagnostic to produce accurate ion temperature and plasma rotation measurements. Mapping of the pixels on the detector to wavelength, as required for spectral fitting, requires that the relative distance and orientation between the crystal and the detector are known. Moreover, to obtain temperature and rotation profiles, inferred from an inversion of the line-integrated measurements, requires knowledge of the sightline geometry, for which the location and orientation of the crystal with respect to the plasma must be precisely measured.
The configuration accuracy needed for sightline determination and ion temperature measurements are fairly modest, requiring that the crystal and detector locations are know to within several millimeters. Measurements of the plasma rotation however require a much more precise characterization of the system configuration, with the detector location calibrated to within 20µm and 0.03 • , which corresponds to a wavelength accuracy of 0.01mÅ.
An alignment and calibration procedure, described in this section, has been developed that can meet these requirements, and which is also generally applicable to XICS diagnostics installed on other devices.
To obtain plasma flow measurements with 1km/s accuracy, the Doppler shift of the spectral lines must be measured with an accuracy of 10
. This accuracy is higher than the uncertainty in the theoretical or experimental unshifted Ar 16+ line wavelengths of approximately 10 −4Å
. 8, 14 Because of the uncertainty in the helium-like Argon line wavelengths, and given that an absolute wavelength reference is currently unavailable, a relative calibra-tion is completed through the use of a stationary plasma. The calibration described here finds a spatial configuration that is consistent with both the measurements of the diagnostic layout and the best known values for the line wavelengths, and compensates for shifts in the recorded spectra due to the crystal diffraction profile (rocking curve) and spherical aberration of the optics 15 .
The alignment and calibration procedure is done in several steps. First an alignment procedure is completed that provides the location and orientation of the detector and crystal with an accuracy of several millimeters. Finally a calibration procedure, based on emission from a non-rotating plasma, allows the detector location, relative to the crystal, to be determined with our desired accuracy of better than 20µm.
Careful alignment of the crystal and detector were completed using a combination of an accuracy of 5mm. The next step is to use a calibration procedure to more accurately determine the final detector location. This is done by utilizing recorded spectra taken during a plasma shot which is assumed to have no plasma flows. A least-squares fitting procedure has been developed that allows the detector location and orientation (6 degrees of freedom)
to be determined by using these recorded spectra and the measured diagnostic layout as constraints.
The fitting procedure is based on determining the detector location so as to minimize the difference between the expected line locations and the actual recorded line locations for a non-rotating plasma while at the same time minimizing the difference between the measured detector location and the final calibrated position. The expected location of a wavelength on the detector is determined by intersecting the cone that satisfies the Bragg condition with the plane of the detector, producing an ellipse on the detector.
Before fitting of the detector location can be done, the recorded spectra are analyzed to determine the line positions, in pixels, on every row of the detector. This determination is done by using the detector location measured during the alignment process and fitting the spectra using the atomic physics based spectral model. Since the fitting is done while using an un-calibrated detector location, the calculated mapping from to wavelengths is not expected to be correct at this point in the calibration procedure; therefore, on each row we add a linear wavelength shift to the lines returned by the atomic physics model. Using this technique, line locations can be determined with an accuracy better than 0.1pixels.
To construct a residual for a potential detector location, the line locations on each row, as determined above, are mapped from pixel to wavelength and compared to the expected un-shifted line wavelength, weighted by the uncertainty in the theoretical wavelength calculations. Added to this residual is the difference between the potential detector location and the location measured during the alignment, weighted by the measurement error. A Levenberg-Marquardt algorithm can now be employed to vary the potential detector location so as to minimize this residual.
To ensure self-consistency, after a solution is found the process is repeated using the calibrated detector position, and starting at the determination of the line locations in pixels.
The final residuals from the least-squares calibration technique provide a way to check the consistency of the solution with the physical measurements and verify the assumption of a non-rotating plasma. If patterns were seen in the final residuals, it would be an indication that there was an inconsistency in either the assumptions or the measurements.
The results from the calibration procedure described in this section are given in Table I .
In this table the location of the detector, relative to the crystal, is determined within 10µm, and the location of the crystal, relative to LHD, is determined within 5mm.
V. PERFORMANCE
The spatial resolution of the system is primarily determined by the crystal size and focusing properties of the system. The viewing volume corresponding to a single pixel leads to a spatial resolution of ∼2cm, as shown in Fig.1 . To match the optical spatial resolution, a minimum of 22 rows on the detector are binned together in software before fitting to form one spatial channel. The viewing volume also has an extent of ∼10cm in the toroidal direction, caused both by the astigmatism of the optical system and by the change in Bragg angle over the wavelength range of the diagnostic. In stellarator geometry, which lacks toroidal symmetry, this extent of the viewing volume in the toroidal direction also limits the achievable spatial resolution.
The time resolution of the system is limited by the readout time of the detector system, which is 2.7ms. During the readout the detector is insensitive, therefore data are typically For the analysis shown in Fig.6 the XICS data are analyzed with 20ms time resolution For ion temperature measurements the relative statistical uncertainty in the final measurements is determined almost entirely by photon statistics; for the electron temperature however, the sensitivity of measurement is better at lower temperatures where a small change in the electron temperature results in a large change in the line intensity ratio. 10 The uncertainty in T i , σ T i , is proportional T i / √ I, which is obtained by following Ref. 19 while using
Poisson statistics for the uncertainly in the recorded spectrum. While a simple analytical expression for the uncertainty in T e is not available due to the use of numerically calculated rate coefficients, over the temperature range of interest the trend can be well described by An upgrade of the LHD XICS system is currently underway for the 2012 experimental campaign. As part of this upgrade a larger detector (Pilatus 300K) will be installed which will allow the diagnostic to be operated at its design parameters. With this new detector the entire plasma will be imaged, allowing more accurate inversion of the line integrated spectra.
In addition this detector will be water cooled, allowing the diagnostic to take measurements during every shot as well as during long pulse operations. A second crystal will also be added to the system to allow hydrogen-like argon (Ar 17+ ) emission to be simultaneously measured.
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